Abstract: This study examines the impact of canopy and canopy gaps on the development of lower forest layers in five protected phytocoenoses of oak-hornbeam habitats (natural and regeneration stands) and oak-pine habitats in the Wielkopolska National Park (WPN). In the studied forests the most common form of dead trees are those which are uprooted (45-59%), while the most frequently dying tree is pine (40-88%). The total area of gaps in relation to the studied forest area ranges from 329 to 2356 m 2 /ha. The study reaches the following key conclusions. Gaps do not affect bryophyte richness and cover. The impact of gaps on the herb layer is not uniform for the investigated forests. Gaps often, though not in all cases, cause a significant increase in the total herb layer cover, vascular antrophophyte cover, vascular species richness and a greater H diversity. Change in the cover of grasses and lianas to the thinning are not statistically significant. The greatest increase was observed in perennial herbs (mainly dicotyledones). In tree stands under regeneration change gaps are characterized by a rising cover of woody perennials and pioneer species of the Rubus genus. The increase in the herb layer cover does not diminish the cover of tree seedlings. To generalize: differences in the herb layer between the canopy and gaps are greater for forests of oak-hornbeam habitats than for oak-pine forest. The strength of the influence of light gaps on the herb layer is determined by such traits of the pytocoenoses as: density, species composition of tree stand, overshadowing abilities of species present in the canopy, domination or co-domination of one or two species in the herb layer.
Introduction
The consequence of tree death is the thinning of a stand. According to Grubb's conception (1977) light gaps initiate the spatial heterogeneity of an environment, thus preserving the diversity of species in a given phytocoenoses. The increase in diversity of species results from the activation of the seed bank present in the upper soil layers as well as from seeds dispersed by wind (Degen et al. 2005) . The composition of species in thinned places often depends on the size and age of gaps (Moore & Vankat 1986; Reader & Bricker 1992) , the phenology of species (Moore & Vankat 1986) and their pace of growth as well as competitive strength (Sipe & Bazzaz 2001) .
The aim of this study was to show the influence of forest thinning on the development of lower forest layers (herb, moss, shrubs and saplings) in five forest nature reserves in the Wielkopolska National Park (WPN, Western Poland). Previous research on the impact of tree deaths on the lower forest layers in European deciduous forests have been conducted either in beech forests (Collet et al. 2001; Naaf & Wulf 2007; Oheimb et al. 2007) or in the oak-linden-hornbeam primeval forests of Bia lowieża National Park (Faliński 1978; Pirożnikow 1998 ). These studies have provided divergent results for different forest characteristics. Therefore it is justifiable to verify past findings in the previously unstudied oakhornbeam forests. Four phytocoenoses characterized by different degrees of naturalness and development were chosen as research sites. Additionally a comparative study was conducted in a mixed oak-pine forest of the WPN.
The study thus asks following questions: What is the proportion of different forms of dead trees in the studied phytocoenoses? Is the contribution of given forms of dead trees equal to the formation of light gaps? Which traits of the phytocoenoses determine the strength of the influence of light gaps on the herb layer composition? Does the reaction to the appearance of gaps involve all or only some plant life forms?
Material and methods
The study was carried out in the Wielkopolska National Park (WPN) in Western Poland (52 • 15 N; 16 • 48 E). The Park's area is 7584 ha while the surrounding protection zone is 7256 ha. 61% of the Park's area and 10% of the surrounding zone are woodlands (WPN Protection Plan, 1999) . The potential forest stands are dominated by oak-hornbeam forest (the Galio sylvatici-Carpinetum) covering 55% of the c 2010 Institute of Botany, Slovak Academy of Sciences 266 R. Nowińska total woodland area (WPN Protection Plan, 1999) . The research was carried out within the territories of five nature reserves:
-Grabina -GR -(8.49 ha) protects the most natural oak-hornbeam forest (Galio sylvatici-Carpinetum typicum) of the WPN. The tree stand is represented by 150 years old oaks and hornbeams of varied age, with the addition of lime, birch, aspen and old pine (ca. 170 years).
-Las Mieszany na Morenie -LMM -(13.54 ha) protects oak-hornbeam forests of the Galio sylvaticiCarpinetum typicum and Galio sylvatici-Carpinetum fagetosum. The tree stand consists of sessile oak of 90-120 years, pine (95 years), beech (120 years), hornbeam is found locally in addition.
-Pod Dziadem -PD -(13.7 ha) protects PinusQuercus-Milium (Balcerkiewicz et al. 1996) , representing a degenerated form (after Faliński 1998) of oak-hornbeam forest which developed when Scots pine was introduced into the natural community. Currently, the tree stand is formed of sessile oak (age ca. 170 and 90 years) and pine (170 years), hornbeam, sycamore, beech, lime and elm are found in addition.
-Świetlista Dąbrowa na Wysoczyźnie -SD -(5.19 ha) protects an area of subxerophilous mixed deciduous oak forest of the Potentillo albae-Quercetum which transforms into oak-hornbeam forest; the tree stand is formed of oak (130 years) and pine (ca. 130 years), hornbeam, apple and pear are found in addition.
-Bór Mieszany -BM -(5.79 ha) protects a continental oak-pine forest of the Querco robori-Pinetum with a tendency to transform into an acidophilous oak forest of the Calamagrostio-Quercetum; the stand of trees is dominated by pine (age ca. 170 years) and oak (60 years), with the addition of birch, aspen, hornbeam and beech.
For the purpose of this study a light gap was defined as any gap in the canopy layer (regardless of its size) caused by the death of a tree, the remains of which were still present. Additionally, holes in the forest canopy that could not be linked to the death of trees (no tree remains were present) were also classified as gaps when their diameters were larger than those of the surrounding crowns (Holeksa 1998) .
Observations of tree deaths were carried out on 1 ha plots in each of the reserves described in the previous section. Two plots of 50 m × 100 m were marked out in the reserve SD, four plots of 50 m × 50 m in the reserve GR and one plot of 100 m × 100 m in all the other reserves. All dead trees found in the research plots were counted and classified according to their taxonomic affiliation and kind of death (a snag, a dead broken tree or a fallen tree). For each of the reserves the direction of tree fall for 50 fallen trees, randomly selected both within and outside the studied plots, was measured. The area of light gaps was estimated with the formula for the area of an ellipse (Runkle 1982) for all the plots except GR.
In order to find the relationship between tree death and the diversity of lower forest layers phytosociological relevés were recorded. The minimum area of a relevé measured 30 m 2 , the maximum area -100 m 2 . From 16 to 47 relevés were recorded in each of the reserves. Altogether 143 relevés were recorded, 72 relevés under the canopy and 71 relevés in paths with gaps. Homogeneity was taken as the criterion for deciding on the area included in the specific relevé. Species occurrence in the relevé was measured in terms of their percentage cover of the overall plot area. If the cover was smaller than 1% it was recorded with the value of 0.1%. For each relevé additional information was recorded regarding the presence of dead trees in the relevé area, their number, kind of death suffered, taxonomic affiliation and the size of the gap in the tree stand.
Thanks to the Canonical Correspondence Analysis (CCA, CANOCO 4.5, ter Braak & Šmilauer 2002) it was possible to visualize the relationship between the cover of the particular species in the herb layer and the herb layer cover, the density of the shrub plus saplings layer, the density of the tree layer and the size of the gap. Species occurring in at least ten relevés were taken into consideration. In the analysis all relevés were used. The significance of the studied species-environmental variable relationships was checked with the Monte Carlo test (499 permutations under reduced model).
For a detailed evaluation of the influence of tree death on the formation of lower forest layers, the relevés were grouped according to the two following criteria:
1. In order to evaluate the formation of the shrub plus sapling layer, all relevés in which dead trees were present were classified according to increasing density of the shrub plus sapling layer into three categories: 1 -density <30%, 2 -density of 30-60%, 3 -density >60%. The three groups of relevés were compared as to the presence and number of dead trees from the five categories: fallen tree, snag, dead broken tree, cut-off and partially uprooted tree. The significance of differences between each group of relevés concerning the presence of the five categories of dead trees (Yate's χ 2 test or two-tailed Fisher test; Statistica, Stat Soft, ver. 7) and number of the five categories of dead trees (MannWhitney U-test -Statistica, Stat Soft, ver. 7) as well as frequency of species in shrub plus sapling layer (Yate's χ 2 test or two-tailed Fisher test) was checked. These multiple comparisons were used with the Bonferroni correction (α*) according the formula: α* = 1 − (α)
(1/α) where α is an accepted probability of difference. The Kruskal-Wallis test (Statistica, Stat Soft, ver. 7) was applied to estimate differences in the mean number of shrub and sapling species between the three groups of relevés. The KolmogoronovSmirnov test was used to estimate differences in the density of the most frequent phanerophytes and the density of the other phaneroptytes in the shrub plus sapling layer.
2. For the evaluation of the herb layer formation the relevés were divided into two categories "canopy" and "light gap". In each reserve, for both categories of relevés independently, the H diversity index (Krebs 1989) , the floristic similarity P 1 the average herb layer cover, the average cover of antropophytes, annuals, lianas, perennial herbs and woody perennials (tree and shrub seedlings, woody chamaephytes according to Raunkiaer 1905) were calculated. The relevance of differences in cover was checked with MannWhitney U-tests (Statistica, Stat Soft, version 7).
Results

Dead trees and gaps in stands
The number of dead trees for the studied 1 ha area varies from 96 (GR) to 283 (SD) - Table 1 . The dominating forms are fallen trees (45-59%). The percentage of dead broken trees and snags amounts to a little above 20%. Figure 1 shows that in all studied reserves except for GR most of the trees fall down at an angle of 67.5-112.5
• (E). 49% of Pinus sylvestris logs and 22% of broadleaved tree logs fall towards the East.
The pine is the most frequently dying tree (40-83%) in all of the studied phytocoenoses (see Table 1 and 2). The next place is held by the oak, which represents from about 6% in SD to 24% of dead trees in LMM. In the reserves GR and BM nearly 9% of dead trees are birches/aspen. Dead hornbeam constitute only a low percentage of all dead trees, but have a constant share in the total of dead trees in the researched re- serves (except for PD). In the GR reserve hazel snags were observed quite often. As estimated, from 22 (BM) to 46 (SD) light gaps occur within a 1 ha area (Table 3) . 57-96% gaps are less than 50 m 2 . Most gaps, 36-65% are caused by tree fall, although light gaps of mixed origin have a fairly large share in the total number (23-30%). The area of gaps originating from treefall amounts to 40-48% of the total area of gaps. Gaps of mixed origin are caused by treefall and snags or dead broken trees. Their share in the total area of gaps amounts to 28-60%.
General characteristics of changes in lower forest layers caused by tree death Spearman's correlation test shows that the moss layer cover is not correlated with any vegetation variables. Total herb layer cover is negatively correlated with sapling plus shrub density and tree canopy density (r = −0.47, P < 0.01 and r = −0.29, P < 0.01 respectively). The total herb layer cover is positively correlated with gap occurrence and size (r = 0.41, P < 0.01 when all relevés are taken into account) and is not correlated with gap size (when relevés without canopy gaps are not taken into account). The sapling plus shrub density are not correlated with tree canopy density. Furthermore it has been ascertained that the impact of gap size on the cover of plant life forms is not significant. The total density of the tree layer and the sapling plus shrub layer contributes to a substantial decrease in the cover of perennial herbs (r = −0.45, P < 0.001) and annuals (r = −0.43, P < 0.01). The decrease in the cover of woody perennials is not significant. Positive correlations have been found between the cover of woody perennials and the total cover of other plants in the herb layer (r = 0.39, P < 0.01).
CCA (Table 3) with the Monte Carlo permutation test showed that the pattern of 43 most frequent moss and vascular species cover is significantly related to tree density, shrub plus sapling density and herb layer cover (P = 0.002 for each predictor variable). Perpendicular projections of species symbols on the arrows of environmental variables on the CCA biplot (Fig. 2) approximate the variable values in species samples. These projections visualize that most of the species are concentrated around the lower values of tree density. Only a few herbaceous species (Dactylis polygama, Brachypodium sylvaticum, Carex digitata, Oxalis acetosella) and Vaccinum myrtillus occur under higher values of tree density. Most of woody perennials are clustered along higher than average values of the shrub plus sapling density and herb layer cover. Seedlings of Carpinus betulus and Tilia cordata are clustered with high values of the shrub plus sapling density arrow.
The development of the shrub plus sapling layer in response to tree death Figure 3a shows how often particular types of dead tree occur in patches with different shrub plus sapling layer density. The least frequently observed were partially uprooted trees. In patches characterized by a low density of the shrub plus sapling layer (<30%) snags, uprooted and broken trees occur with a similar number of presence. In patches characterized by a high density (>60%) of the shrub plus sapling layer, uprooted trees occur sig- Fig. 2 . Biplot of herb layer species and tree layer density (T), shrub and sapling layer density (S), and gap area (G) based on CCA (cover data). Species occurring in at least ten relevés were taken into consideration. Symbols: woody perennials -circles; perennial herbs -triangles; annuals -squares; lianas -crosses; evergreen -X-mark; mosses -stars. Species: 1 -Acer platanoides; 2 -Acer pseudoplatanus; 3 -Atrichum undulatum; 4 -Brachypodium sylvaticum; 5 -Brachythecium rutabulum; 6 -Carex digitata; 7 -Carpinus betulus; 8 -Convallaria majalis; 9 -Corylus avellana; 10 -Dactylis polygama; 11 -Deschampsia flexuosa; 12 -Dryopteris carthusiana; 13 -Dryopteris dilatata; 14 -Dryopteris filix-mas; 15 -Euonymus europaea; 16 -Fagus sylvatica; 17 -Fallopia convolvulus; 18 -Fallopia dumetorum; 19 -Frangula alnus; 20 -Galeobdolon luteum; 21 -Galeopsis pubescens; 22 -Geranium robertianum; 23 -Impatiens parviflora; 24 -Luzula pilosa; 25 -Maianthemum bifolium; 26 -Milium effusum; 27 -Moehringia trinervia; 28 -Mycelis muralis; 29 -Oxalis acetosella; 30 -Padus avium; 31 -Padus serotina; 32 -Pseudoscleropodium purum; 33 -Pteridium aquilinum; 34 -Quercus petraea + Q. robur; 35 -Ribes uva-crispa; 36 -Rubus sp.; 37 -Sambucus nigra; 38 -Sorbus aucuparia; 39 -Stachys sylvatica; 40 -Tilia cordata; 41 -Urtica dioica; 42 -Vaccinum myrtillus; 43 -Viola riviniana + V. reichenbachiana nificantly more frequently than other types of dead tree. Figure 3b shows the average number of different dead tree types in patches with different shrub and sapling layer density. Uprooted trees are dominant constituting from around 50% (patches <30%) to almost 90% (patches 30-60% and >60%) of dead trees. Simultaneously the average number of all dead trees is also higher for patches with a higher (30-60% and >60%) density of the shrub and sapling layer.
As far as shrub plus sapling layer species are concerned, 19 such species were recorded in the area of the relevés (the most frequent species are underlined):
• Trees: Acer pseudoplatanus, Carpinus betulus, Fagus sylvatica, Padus serotina, Sorbus aucuparia, Quercus petraea, Quercus robur, Pyrus pyraster, Betula pendula, Fraxinus excelsior, Tilia cordata, Ulmus minor; 30-60 >60 Proportion of dead trees presence B U S * * Fig. 3 . Share of different types of dead tree in patches with differing densities of shrubs plus saplings (<30%; 30-60%, <60%). Apresence data; B -average number of dead trees. Differences are significant at: * P < 0.017; ** P < 0.0033.; *** P < 0.00033 after Bonferroni correction (A -Yate's χ 2 test or two-tailed Fisher test; B -Mann-Whitney U-test). Designations: B -broken, Uuprooted, S -snapped snags, P -partially uprooted trees.
• Shrubs: Corylus avellana, Frangula alnus, Crataegus monogyna, Crataegus laevigata, Sambucus nigra, Padus avium, Rhamnus cathartica. The average number of phanerophyte species in the shrub plus sapling layer is respectively 2,3 for patches <30%, 3,5 for patches 30-60% and 2,5 for patches >60%. Differences in the number of species are not statistically significant (Kruskal-Wallis test). All the underlined species occur with the same frequency in all three types of samples, <30%, 30-60% and >60% (Yate's χ 2 , P > 0.017 with Bonferroni correction). These species show a higher density than other phanerophytes in the undergrowth (KolmogoronovSmirnov test: D = 0.247; n 1 = 210; n 2 = 68; P < 0.005).
The diversification of the herb and moss layer in reaction to tree death The collected data pertaining to the herb layer (Table 5) show that gaps resulting from tree deaths significantly increase the herb layer cover in GR, LMM and PD but not in BM or SD. Results concerning change in the herb layer cover were similar to the results concerning the total vascular plant richness as far as the direction of the relationships is concerned. The largest differences in cover and species richness were recorded in PD (cover) and in LMM (species richness). The H diversity index in the majority of communities (LMM, SD and PD) did not show a statistically significant increase in response to gap appearance. The floristic similarity P of the herb layer under the canopy and canopy Table 5 . Comparison of the mean cover of the forest vertical layer (%), mean cover of vascular plant groups (%), H diversity index (mean ± SD) and P similarity index (%) in the forests of five reserves in the Wielkopolska National Park (BM, GR, LMM, PD, SD). Stars denote the probability of difference between the canopy and gap samples for each reserve separately: + value significant at P < 0.055; * value significant at P < 0.05; ** value significant at P < 0.01 *** value significant at P < 0.001 (Mann-Whitney U-test gaps amounts to approximately 60% (GR, PD) to 80% (SD).
In the habitat of the oak-hornbeam forests (GR, LMM, PD) all selected groups of life forms increase their cover in gaps, although the impact of the gaps is not always statistically significant (grasses and lianas) - Table 5 . The greatest increase in cover is shown by perennial dicotyledones. In tree stands under regeneration change (SD, PD) gaps are characterized by a rising cover of woody perennials, among them the Rubus genus (only in the PD reserve).
A statistically significant increase in the cover of antropophytes has been observed in LMM, PD and SD but not in BM or GR (Table 5 ). The most common species of foreign origin, which were observed in all reserves, include Impatiens parviflora and Padus serotina. These species occur equally frequently under the canopy and in gaps (Yate's χ 2 ). Impatiens parviflora cover is greater in gaps (U test: U = 1242.5; Z = −5.30; n1 = 71; n2 = 72). Padus serotina cover is the same under the canopy and in gaps (U-test). Less common antropophytes are Ribes uva-crispa (BM, LMM, PD, SD), Fallopia convolvulus (GR, LMM, SD), Solidago canadensis (LMM), and Reynoutria japonica (BM). These species were found either with the same frequency both under the canopy and in gaps (Yate's χ 2 ) or exclusively in gaps.
The cover of mosses in most of the studied reserves is small (less than 1%) both under the canopy and in the gaps with no significant differences between the two types of canopy structure (Table 5) . A slight increase in the cover of mosses under the influence of light gaps occurs in the oak-pine forest (BM) but the difference is not statistically significant. The species richness of bryophytes in all of the studied reserves remains statistically stable.
Discussion
In the studied area 45-59% of the dead trees are uprooted. The percentage is quite high in comparison with other results obtained in different forest types in Poland (Holeksa 1998; Dobrowolska 2006; Gil & Zachara 2006) . The most frequently dying (and uprooting) tree is Pinus sylvestris, due to the massive damage caused by Lymantria monacha in the 1980's. Pine more frequently than other tree species fall towards the East i.e. in the direction set by the western winds which are prevalent in this area. It is believed that coniferous species are most sensitive to wind influence (Pelota et al. 2000) . Additionally in the studied communities Pinus sylvestris grows higher than broadleaved species and therefore is more exposed to wind impact. This is in line with Canham et al. (2001) who found that larger trees are more susceptible to windthrow. Another consequence of the above mentioned existence of two sublayers within the tree canopy and the fact that pine deaths were not the result of old age is the average size of the gaps. This is relatively smaller (14-64 m 2 ), than for purely (temperate) deciduous forests, for which the average gap size is 30-140 m 2 (Yamamoto 1989) . One should stress though that small-scale gap creation associated with deaths of single and small groups of trees is typical for temperate broad-leaved and mixed forests (Faliński 1978; Runkle 1990; Closset-Kopp et al. 2006; Dobrowolska 2007) .
Previous studies have shown that gaps accelerate the growth of a new generation of trees (e.g. Collet et al. 2001; Sipe & Bazzaz 2001; Mihók et al. 2005 ). In the recorded relevés the density of the shrub plus sapling layer is positively related to the number of dead and fallen trees per area. This occurrence can be explained by the fact that the light gaps formed by a single dead tree are usually quickly "patched" by the broadleaved trees of the lower canopy sublayer. Large scale pine deaths create canopy porosity that can sustain greater sunlight exposure of the forest floor and stimulate the growth of woody perennials. It is worth noticing that canopy openness caused by tree death does not influence the species richness of tree saplings, and the majority of young phanerophytes can be regarded as climax species, according to Swaine and Whitmore's (1988) definition. Our results suggest that tree deaths within the studied area strongly support the growth of young tree saplings but are not necessary for the occurrence of this growth. The lack of ephemeral, light demanding species in the undergrowth may result from small gap size. Mihók et al. (2007) reached similar conclusions in the context of semi-natural beech forests in Hungary.
The presented data shows that there are differences in herb layer cover and species diversity between light gaps and areas without gaps. Herb-layer cover is reduced by the density of higher forest layers but is not significantly related to the gap size.
It can be presumed that the weak reaction of the herb layer in response to light gap appearance in SD results from the low overall density of the tree stand (see Table 5 ). On the contrary, the biggest increase in herb layer cover in light gaps is linked to the presence of highly overshadowing trees such as the hornbeam (GR) and to the presence of a well-developed shrub layer, mainly hazel (PD). Hazel patches are most likely to have developed in gaps which with time have disappeared, covered by the crowns of surrounding trees. The next factor which influences the response of the herb layer to a higher degree of light penetration is the composition and species content of this layer. It seems that lack of an evident reaction to the appearance of gaps in the oak-pine forest results from the frequent presence of covered plots dominated by one species of highly competitive strength, mainly Vaccinium myrtillus and Festuca ovina. In the communities of GR, PD and LMM, where the herb layer is relatively thin and dominant plants are lacking, the appearance of a gap causes an increase in cover of most plant life forms. The highest response to gap appearance was observed among perennial herbs (mostly dicotyledones). Similar results in deciduous forests were obtained by Reader & Bricker (1992) and Moore & Vankat (1986) who showed that even small light gaps and mid-aged gaps are fre-quently inhabited by perennial herbs. Likewise Degen et al. (2005) researching beech forests, noticed an increase in the cover of species with greater competitive abilities in light gaps, whereas the increase in the cover of this group of plants was linked to the decrease of species diversity in the herb layer. Our study indicates that herb layer diversity in gaps is the same (PD, SD) or higher than under the canopy. We found also that the increased importance of herbs, measured by the increase of their cover in gaps, does not reduce the cover of phanerophyte seedlings and bryophyte cover.
